ABSTRACT Lyman-Break Galaxy (LBG) samples observed during reionization (z 6) with Hubble Space Telescope's WideFieldCamera3 are reaching sizes sufficient to characterize their clustering properties. Using a combined catalog from the Hubble eXtreme Deep Field and CANDELS surveys, containing N = 743 LBG candidates at z ≥ 6.5 at a mean redshift of z = 7.2, we detect a clear clustering signal in the angular correlation function (ACF) at 4σ, corresponding to a real-space correlation length r 0 = 6.7 +0.9 −1.0 h −1 cMpc. The derived galaxy bias b = 8.6
INTRODUCTION
The large-scale structure of the Universe and the physics of galaxy formation during the epoch of Reionization are now accessible to observational tests thanks to the Hubble Space Telescope WideFieldCamera3 (WFC3). The new WFC3 transformed the field by providing the first large samples of galaxies seen in the first 500 − 700 Myr after the Big Bang (redshift z ∼ 7 − 10), identified using the Lyman-break, or dropout, technique (Steidel et al. 1996) , from a variety of surveys (Bouwens et al. 2014; Windhorst et al. 2011; Trenti et al. 2011; McLure et al. 2013; Bradley et al. 2012; Oesch et al. 2012) . Such z ≥ 6.5 observations show that there is a decreasing number density of galaxies as the epoch of reion-ization is approached, albeit with growing evidence of a steepening of the galaxy luminosity function (LF) faint end (Bouwens et al. 2014) . By assuming that brighter galaxies are hosted in more massive dark-matter halos, the evolution of the galaxy LF can be linked to the underlying dark-matter halo mass function. Empirical models (Trenti et al. 2010; Tacchella et al. 2013) , analytic models and cosmological simulations (Jaacks et al. 2012; Lacey et al. 2011) are all successful at reproducing the star-formation rate and LF, but there is little validation of predictions beyond galaxy number counts.
Studying the clustering properties of galaxies, through their Angular Correlation Function (ACF), is an avenue to probe the connection between the observed light and host dark-matter halos. At lower redshifts, extensive studies of clustering have been carried out, leading to measurements of the galaxy bias (the extra clustering of galaxies/halos compared to that of dark-matter), and host dark-matter halo mass (Adelberger et al. 1998; Arnouts et al. 1999; Giavalisco & Dickinson 2001; Ouchi et al. 2004 ; Lee et al. 2006; Overzier et al. 2006) . Lee et al. (2006) investigated the observed distribution of the number of galaxies in a dark-matter halo at higher redshifts, known as the halo-occupation distribution, finding evidence for multiple occupation and subhalo clustering, extending similar studies at lower redshift (e.g., Berlind & Weinberg 2002) .
Furthermore, clustering enables characterization of the expected evolutionary history of the observed galaxy arXiv:1407.7316v1 [astro-ph.GA] 28 Jul 2014 population. For example, Adelberger et al. (2005) compared their analysis of clustering of z 3.5 LBGs with analyses of clustering at z = 0 to infer that their LBG sample represents the progenitors of present-day ellipticals. We can now take advantage of the large sample size and characterize the clustering properties of high-redshift Lyman-Break Galaxies (LBGs).
In this paper, we measure LBG clustering at z = 7.2 for the first time. We investigate qualitative trends of average bias and clustering strength with luminosity, compare our results with those at lower redshift, constrain the fraction of dark-matter halos hosting LBGs (the duty cycle), and test high-z theoretical modeling of halo occupation (Trenti et al. 2010; ). This paper is organized as follows: Section 2 describes the LBG sample. Section 3 presents our measurements of the ACF, and Section 4 our results. Section 5 summarizes and concludes. We use the latest Planck cosmology (Ω M ,Ω λ ,h,σ 8 ) = (0.315, 0.685, 0.673, 0.828) (Planck Collaboration 2013) . Magnitudes are in the AB system (Oke 1974) .
DATA
Our analysis is based on a combined sample of z = 7.2 candidate galaxies, photometrically selected as z and Yband dropouts from the Bouwens et al. (2014) [B+14] and McLure et al. (2013) analysis of Hubble's deep and ultradeep area on the XDF/UDF fields (Illingworth et al. 2013 ) and the CANDELS data over GOODS-North and South (GN and GS, respectively; Grogin et al. 2011 ). The observations span from the 4.7 arcmin 2 area of the XDF, which reaches m H160 = 29.8 (5σ), to the ∼ 280 arcmin 2 of CANDELS at m H160 ∼ 27.7 − 28.5. The B+14 catalogs include N = 670 objects at z > 6.5. The McLure et al. (2013) catalogs list N = 197 objects within XDF/GOODS-South. Galaxies in each catalog are selected using different methods; B+14 use a twocolor selection to detect the Lyman-break, while McLure et al. (2013) use multi-band spectral energy distribution fitting. A combined catalog is constructed by removing double-counted objects, and by counting the 31 pairs with separation d < 0. 3 (5 pixels, ∼ 9kpc at z = 7.2) as single sources, with their fluxes combined since such small separations are comparable to the HST point spread function in the H-band. This yields a total sample of N = 743 objects, with ∼ 80% overlap for objects one magnitude above the survey detection limit, and ∼ 40% overlap for less robust candidates. To ensure that merging the two catalogs does not bias our ACF measurement, we carry out a control analysis of the ACF using only the B+14 catalog (Section 4).
We complement our new study at z = 7.2, with a reanalysis of clustering at lower redshift, using the latest B, V and i-dropout (z ∼ 3.8−6.0 catalogs by B+14. Table 1 lists our samples, which we split between "bright" and "faint" subsamples at the median magnitude of the z = 7.2 sample, M U V = −19.4, to study the redshift evolution of the bias at constant UV luminosity. A comprehensive description of the data, including number counts, luminosity functions, and redshift distributions of the samples is available in B+14.
ESTIMATING THE ANGULAR CORRELATION FUNCTION AND BIAS
The ACF measures the excess probability of finding two galaxies at an angular separation θ, over a random Poisson point process. We use the ACF estimator, w(θ) = (DD(θ) − 2DR(θ) + RR(θ))/RR(θ) (Landy & Szalay 1993) , where DD(θ), DR(θ) and RR(θ) are the number of galaxy-galaxy pairs, galaxy-random point pairs and random-random point pairs (respectively) counted at a separation of θ ± δθ. We produced random point catalogs using a spatial Poisson process, accounting for field geometry and crowding effects using segmentation maps produced by SExtractor (Bertin & Arnouts 1996) .
We use linear binning with width 12. 5 to construct the ACF for the full sample. For subsamples at z = 5.9 and z = 7.2 we increase bin-width to 25. 0 to account for the reduced number of pairs. We assume a power law parameterization of the ACF, w(θ) = A w θ −β . Following previous investigations (Lee et al. 2006; Overzier et al. 2006) , we fix β = 0.6, but we quantify in Section 4 the systematic uncertainty associated with this choice. Because of finite survey area, the observed ACF is underestimated by a constant known as the integral constraint (IC):
( 1) IC can be estimated from:
where w true (θ) is the intrinsic ACF and w obs (θ) is the measurement within the survey area, Ω. For small area fields such as the XDF, the integral constraint is 0.96A w , while in larger fields (GOODS-S Deep) the IC starts becoming a second-order correction (IC = 0.04A w ). The only uncertainty in the IC derives from assuming fixed β. A w is obtained from the observed ACF in the fields (each with their own IC) by maximizing the likelihood given by:
(4) where w(θ) obs,i , IC i and σ(θ) i are the ACF measurements, integral constraints and uncertainties in field i, respectively. After A w is determined, IC values can be added to the ACF measurements in each field, and combined to determine the intrinsic ACF shown in Figure  1 . Errors in the ACF are estimated using bootstrap resampling (Ling et al. 1986) , without including systematic sample ("cosmic") variance uncertainty, which might be comparable to the random error (e.g., Trenti & Stiavelli 2008 , and see Section 4 for field-to-field variations in our analysis).
We approximate the real-space correlation function with a power law ξ(r) = (r/r 0 ) −γ , where the coefficients are related to the ACF coefficients by the Limber trans- (1157) 757 (395) 743 (375) TABLE 1 Number of LBGs (bright LBGs) in each field at each redshift. The data are divided into bright and faint subsamples based on the median luminosity of the z = 7.2) sample M U V = −19.4, which is within ∼ 0.1 mag of the median of samples at lower-z. Only entries in bold are used in the ACF analysis, since we discard fields where mean galaxy separation exceeds > 100. 0. 8.1
The free ACF parameter, Aw (β = 0.6 is fixed), real-space correlation length and galaxy bias for the total, bright and faint samples at each redshift. Units of r 0 are h −1 Mpc.
form (Peebles 1980; Adelberger et al. 2005) ,
Here
is the angular diameter distance and N (z) is the redshift distribution of the dropouts, B is the beta function and g(z) ≡ c/H(z).
We assume the clustering evolution to be fixed in comoving coordinates over each redshift window. N (z) is taken from B+14 (see their Figure 1 for quantitative details), with mean values reported in Table 2 , and typical standard deviations ≈ 0.4. From the real-space correlation function, we define the galaxy bias b as the ratio of the galaxy variance at 8h −1 cMpc (comoving megaparsecs), σ 8,g , to the linear matter fluctuation at 8h
−1 cMpc, σ 8 :
4. RESULTS
Angular Correlation Function and Bias
The right-most upper panel of Figure 1 shows the combined ACF at z = 7.2. There is a clear clustering signal, detected at high confidence ( 4σ), and corresponding to a clustering length r 0 = 6.7 Figure 1 also shows the ACF at z = 3.9, z = 4.9 and z = 5.9. Table 2 summarizes our estimates of A w , r 0 and b for these ACF measurements. Figure 2 illustrates the evolution of the galaxy bias with redshift, and compares the bias of dark-matter halos at different masses computed with the Sheth & Tormen (1999) formalism.
The bias at z = 7.2 is b = 8.6 +0.9 −1.0 , with a clear increase compared to the lower redshift measurements. The evolution of the clustering strength with redshift broadly follows the increase expected at an approximately constant dark-matter halo mass of M ∼ 10 10.5 M out to z ∼ 6, followed by a possible increase to M ∼ 10 11 M at z ∼ 7 ( 2σ confidence). The near-constant trend between z = 5.9 and z = 3.8 is consistent with empirical models Tacchella et al. 2013) , which predict no evolution or a mild decrease in halo masses at fixed UV-luminosity. In this respect, the z = 7.2 result is unexpected and could potentially indicate a change in star formation efficiency or clustering properties as the Universe becomes more neutral, but the uncertainty is still large.
To investigate luminosity dependence, we split galaxies in our samples into bright and faint subsamples. We cut at the median luminosity of the z = 7.2 sample, M U V = −19.4. Since LF shape evolution approximately cancels out the evolution in the k-corrected distance modulus, this median cut is within 0.1 mag of the median of each sample from z = 3.8 to z = 7.8 allowing us to explore bias variation at near-constant UV luminosity 10 . At z = 7.2, the clustering strength in the bright sample is r 0 = 7.8 +2.1 −2.5 h −1 cMpc, while the faint sample has r 0 = 6.2 +1.3 −1.4 h −1 cMpc, smaller, but consistent with no luminosity evolution within the measurement uncertainty. The presence of a luminosiy trend is more apparent at z = 5.9, where we observe galaxies in the bright subsample (M U V = −20.2) residing in more massive haloes (M = 10 11.0 +0.4 −0.6 M ) than those in the faint sample (M U V = −18.6, M = 10 9.0 +0.9 −2.1 M ). This 10 Note that the cut is approximate at the level of 0.1 mag., since the distance modulus is computed at the mean redshift for each dropout sample is consistent with a constant mass-to-light ratio with luminosity in the z = 5.9 sample dlogM dlogL ∼ 1.2 +1.8 −0.8 . At lower redshift we observe a similar behavior (see also Lee et al. 2006) , with a high-confidence measurement at z = 3.8 (see Fig. 2 for the bias difference between LBGs in the bright and faint subsamples at z = 3.8 and z = 5.9).
Uncertainties and Analysis Validation
The uncertainties presented here derive from bootstrap resampling. These may underestimate the true uncertainty because they are derived at fixed β and cosmic variance is not accounted for. To estimate cosmic variance, we use field-to-field variations in the bias, which are shown in Figure 3 . Based on a χ 2 analysis of the residuals between all-fields versus individual determination of the bias, we estimate that for each individual field measurement in the combined sample (left panel), cosmic variance uncertainty is comparable to the random error (excluding z = 3.8). The impact on the all-field determination is mitigated by analyzing independent regions in the sky, and if we conservatively assume only two independent pointings (GOODS-N and S), we get that the systematic cosmic variance uncertainty is ∆b = ±1.0 for our new measurement at z = 7.2. The current high-z subsamples have larger random errors, thus the impact of cosmic variance is negligible compared to the random errors. We also carried out our analysis assuming different values for β. At z = 7.2, we obtain that ∆β = ±0.1 corresponds to ∆b ∼ ∓0.9. With a higher β = 0.8, we would derive b z=7.2 = 6.94
+0.76
−0.85 . We investigate the impact of changing the mean and width of N (z) and find that shifting N (z) by ∆z = ±0.2 changes our bias estimate by ∆b = ±0.1 at each redshift interval. A 10% change to the width of N (z) changes our bias estimate by ∆b = ±0.2.
To ensure robustness of our analysis against the combining of catalogs, we performed several checks. We first split the z = 7.2 sample into z-dropouts (z = 6.8) and Y -dropouts (z = 7.9), obtaining A w = 1.6 To investigate the impact of multiple halo occupancy, which we are neglecting in our analysis but may affect the ACF in the innermost ∼ 10 (see Lee et al. 2006) , we carried out our maximum likelihood determination of the ACF by excluding datapoints in the innermost 12.5 . At z = 7.2 we obtain b = 9.03 +1.12 −1.29 for the full sample, which is completely consistent with b = 8.6 ± 1.0 from the full analysis. The lack of evidence for multiple halo occupation is expected, since multiple galaxies per halo are expected only when M 10 12 M (very rare at z > 6.5).
Finally, we verified that our low-z analysis is consistent with previous published investigations. The correlation lengths of B and V dropouts are in general agreement with those presented in Lee et al. (2006) , who found r 0 = 2.9 +0.2 −0.2 cMpc at z ∼ 3.8 and r 0 = 4.4 +0.5 −0.5 cMpc at z ∼ 4.9, both with a fixed slope of β = 0.6, for their largest sample at each redshift. Our results at z ∼ 5.9 are consistent with those presented in Overzier et al. (2006) , who found r 0 = 4.5 +2.1 −3.2 in the GOODS fields.
Duty Cycle
The duty cycle of LBGs is defined as the fraction of dark-matter halos hosting UV-bright LBGs and is linked to the star formation efficiency realized in the halos. The duty cycle depends on the occupation efficiency of dark matter haloes and the timescale that galaxies remain visible at ultraviolet wavelengths. Our clustering measurements allow us to estimate duty cycles by comparing the observed bias with that predicted by "abudance matching", which connects luminosity functions to the dark-matter halo mass functions (e.g., Vale & Ostriker 2004) by matching objects at the same comoving density. Abundance matching is carried out assuming only a fraction DC ≤ 1 of halos hosts a UV-bright galaxy. The number density of haloes above a mass M h is matched to the number density of galaxies above a luminosity L g using the duty cycle, DC ≤ 1 (Trenti et al. 2010) :
where ψ(L, z) is the luminosity function at redshift z, n(M h , z) is the halo mass function as redshift z and DC is the duty cycle. We construct a mass-luminosity relation at z = 7.2 from abundance matching between the Sheth & Tormen mass function and a Schechter LF, defined as,
with φ = 0.82 × 10 −3 , M = −20.2, α = −1.86 (Bouwens et al. 2011) . Matching luminosity with darkmatter halo mass gives us the average host halo mass of the galaxies, and thus a halo bias from the Sheth & Tormen formalism which depends on DC . This is shown in the bottom panels of Figure 1 . By taking the intersection between the bias inferred from abudance matching and from clustering analysis, we derive the value of DC .
From Figure 1 , we see that at z = 7.2 duty cycles near DC = 1.0 are favored for the total sample, but all duty cycle values from abundance matching are in mild tension with the observed bias (which is too high). This discrepancy could be due to the systematic errors present in the analysis (cosmic variance and/or fixed β). As discussed in Section 4.2, the tension at z = 7.2 is resolved by using a value of β = 0.8. Including the fixed-β and cosmic variance uncertainties will approximately double the total uncertainty, compared to the random error 1σ interval shown in Figure 2 .
At z ∼ 7 our duty cycle measurement contrasts with the theoretical expectation from who noted that for z > 4 a low duty cycle ( DC ∼ 0.1 − 0.15) would be required to resolve the tension between the observed star-formation rate with the comparatively low observed total stellar mass. This prediction is consistent with our measurements at 4 z 6. Another explanation for the discrepancy may be the effect of reionization on galaxy bias measurements. Wyithe & Loeb (2007) showed that reionization, which occurs earlier in overdense regions, can enhance the observed galaxy bias in flux-limited samples. Early reionization of overdense regions leads to different star-formation histories due to heating of the IGM, and hence a different luminosity at fixed stellar mass. This results in overdense regions hosting a younger, brighter population of LBGs, which causes the observed galaxy bias to be overestimated. At z ∼ 7, this effect may contribute at the ∼ 10% level (∆b ∼ 1) (Wyithe & Loeb 2007) , which is similar to the discrepancy observed in the lower panels of Figure 1 . This effect also results in an overestimation of the halo mass from the bias (a factor of ∼ 3 for halos with M ∼ 10 11 M ). Previous studies, such as Lee et al. (2009) , found lower duty cycles at lower redshifts. As starburts remain UVbright for ∼ 100Myr, a shorter halo assembly time at high redshifts results in a higher duty cycle, as more haloes will be seen to host UV-bright galaxies (e.g. see the top-right panel of Fig. 1 in Trenti et al. 2010 ). This may qualitatively explain the increase in duty cycle observed with redshift. However, the current uncertainties in the analysis make it difficult to draw any firm conclusion on the redshift evolution of DC .
CONCLUSION
In this paper we carry out the first clustering analysis of LBG galaxies at z ≥ 6.5, taking advantage of a combined sample of N = 743 candidates from the XDF, GOODS-S and GOODS-N legacy fields. We detect a positive clustering signal with 4σ confidence, finding the real-space correlation length and bias of our z = 7.2 sample to be r 0 = 6.7 +0.9 −1.0 h −1 cMpc and b = 8.6
+0.9 −1.0 respectively. This result, and its interpretation, provides fundamental insight into several aspects of galaxy formation and evolution during the epoch of reionization:
• We show that the bias of galaxies at fixed UVluminosity clearly increases with redshift, from b ∼ 3.0 at z ∼ 4 to b ∼ 8.6 at z 7, implying that LBGs of a fixed luminosity reside in dark-matter halos with similar masses at 4 z 6.5, followed by a moderate halo mass increase at z 7. While the current uncertainty on the bias is still too large to provide stringent tests of models of galaxy formation, the tension between predicted and measured bias at z 7 could be linked to the effect of reionization (Wyithe & Loeb 2007) . Overall our analysis clearly demonstrates the potential of clustering analysis in future datasets;
• We constrain the mass of dark-matter halos hosting the LBGs observed by Hubble, finding that z 7 galaxies live in halos with M ∼ 10 11 M . Since dark-matter halos grow by around two orders of magnitude in mass from z ∼ 7 to z ∼ 0 based on Extended Press-Schechter modeling (e.g., Fig. 7 in Trenti et al. 2012a) , this implies that the observed population of LBGs at z > 4 will predominantly end up in a group or small-cluster environment by the present time;
• We observe luminosity-dependent clustering within the z = 5.9 sample when split at M U V = −19.4. The change in halo bias between these two samples implies a mass-to-light ratio of dlogM dlogL ∼ 1.2 +1.8 −0.8 . A similar trend is present for galaxies at z ≥ 6.5, but with larger uncertainty;
• Finally, we provide a first constraint on the duty cycle of z ≥ 6.5 LBGs, finding values close to unity ( Figure 1 ) and a possible evolution of the duty cycle with redshift. Such evolution is likely related to the shorter halo assembly times at increasing redshift;
These results highlight the significance of the progress in the study of galaxies during the first Gyr, made possible by the installation of WFC3 on Hubble and by the telescope time devoted to deep surveys such as XDF and CANDELS. The measure of galaxy clustering has been a fundamental tool in galaxy formation and evolution at lower redshift starting from the establishment of the cosmic web and its connection to dark-matter halos (e.g. Davis et al. 1985) . Now, we have demonstrated how this measurement is possible for samples of objects during reionization: While the uncertainty on the galaxy bias at z ≥ 6.5 is still significant, upcoming programs such as the Frontier Fields Initiative will provide even stronger constraints on the connection between baryons and darkmatter in the youth of the Universe. Gyrs since Big Bang Fig. 2. -The bias evolution as a function of redshift from 3.8 < z < 7.2 for our total (black circles), bright (blue diamonds, offset by +0.1 in z) and faint (red diamonds, offset by −0.1 in z) samples plotted against the dark-matter halo bias from the Sheth & Tormen (1999) mass function. , and faint (right) samples shown as blue points with error-bars (slightly shifted in redshift for clarity), and compared to the combined maximum likelihood fit (red points).
